A water-soluble chlorophyll-binding protein (WSCP) is the single known instance of a putative chlorophyll (Chl) carrier in green plants. Recently the photoprotective function of WSCP has been demonstrated by EPR measurements; the light-induced singlet-oxygen formation of Chl in the WSCP tetramer is about four times lower than that of unbound Chl. This paper describes the crystal structure of the WSCP-Chl complex purified from leaves of Lepidium virginicum (Virginia pepperweed) to clarify the mechanism of its photoprotective function. The WSCP-Chl complex is a homotetramer comprising four protein chains of 180 amino acids and four Chl molecules. At the center of the complex one hydrophobic cavity is formed in which all of the four Chl molecules are tightly packed and isolated from bulk solvent. With reference to the novel Chl-binding mode, we propose that the photoprotection mechanism may be based on the inhibition of physical contact between the Chl molecules and molecular oxygen.
which form a complex with chlorophyll (Chl), have been isolated from Amaranthaceae, Chenopodiaceae, and Polygonaceae (class-I) and from Brassicaceae (class-II). The two WSCP classes differ in that the protein-Chl complexes of the former change their absorption spectra upon illumination, whereas those of the latter show no photoconversion of their absorption behavior (2) . The amino acid sequence of class-I WSCP shows no similarity to that of class-II WSCP.
The class-II WSCPs (hereafter referred to as "WSCPs") are water-soluble proteins of ϳ20 kDa, which form a tetrameric assembly upon binding Chl molecules with a Chl-to-protein ratio of one or less, and exhibit high thermal and photostability (1, 3) . The physiological function of WSCPs is still not known. Although WSCPs have a sequence similarity of ϳ30% with Künitz-type proteinase inhibitors, no significant protease inhibitor activity of WSCPs has yet been identified (4 -6) . The low Chl content per protein makes it unlikely that WSCPs are involved in the light reaction of photosynthesis. Meanwhile, it has been speculated (7, 8) that WSCP acts as a scavenger of free Chl, by transporting it from the thylakoid membrane to the chloroplast envelope, where Chlase, the enzyme that initiates the Chl catabolism, is thought to reside (9) .
An in vitro binding assay with the recombinant apo-WSCP cloned from cauliflower (Brassica oleralcea var. Botrys) and Chl or its derivatives showed that the central Mg 2ϩ ion and the phytyl tail of Chl were essential for protein-pigment binding and tetrameric assembly, respectively (1) . Furthermore, the recombinant apo-WSCP was able to remove Chl from the thylakoid membrane in vitro and organize the tetrameric WSCPChl complex (3) . The absorption spectrum of the reconstituted complex is very similar to that of the native WSCP-Chl complex purified from fresh leaves (1, 3) .
The WSCP-Chl complex retains its fresh green color under dim light for months, enough for a long term crystallization experiment. Free Chl, on the other hand, shows color fading within a day due to unavoidable photooxidation in the presence of molecular oxygen under visible light irradiation. Absorption of light quanta by Chl initially results in excitation to a singlet state ( 1 Chl). If the energy is not efficiently used through photosynthetic electron transport, the triplet ( 3 Chl) state follows, which upon contact with molecular oxygen generates the singlet oxygen species. Photodynamic damage including the oxidative decomposition of Chl itself can be propagated by the singlet oxygen species, giving rise to radical oxygen species in vivo as well as in vitro (10, 11) . The risk of radical oxygen species generation in the thylakoid membrane is usually diminished by non-photochemical quenching by carotenoids, which are adjacent to Chl molecules in virtually all Chl-containing complexes and quench both the 3 Chl and the singlet oxygen (12, 13) . In view of this, one would expect that the WSCP-Chl complex also contains carotenoids to avoid the risk of radical oxygen species generation. However, no carotenoids have been found in native WSCPs, and EPR measurements using the reconstituted WSCP-Chl complex without carotenoids in fact demonstrated that the light-induced singlet oxygen formation of WSCPbound Chl is four times lower than that of free Chl (1) . To clarify what mechanisms other than quenching by carotenoids may protect WSCP-bound Chl against photooxidation, we solved the crystal structure of the native tetrameric WSCP-Chl complex purified from Lepidium virginicum (Virginia pepperweed) at 2.0 Å resolution. This is the first report on the crystal structure of a WSCP-Chl complex.
EXPERIMENTAL PROCEDURES
Protein Preparation and Crystallization-WSCP-Chl complex was prepared from the leaves of L. virginicum cultivated in Chiba, Japan, and purification was performed by a combination of ammonium sulfate precipitation, anion exchange chromatography, detergent-free polyacrylamide gel electrophoresis, and gel filtration chromatography as described in (14 -16) with some modifications. The modifications were that the fraction of 40 -90% ammonium sulfate precipitation of the homogenate was separated by DE52 DEAE cellulose chromatography (Whatman Plc, Brentford, UK) in which the elution buffer was 0.2 M sodium/potassium phosphate, pH 7.0, and the final gel filtration chromatography with a Sephacryl S-200 HR (GE Healthcare) was performed with 0.1 M sodium/potassium phosphate pH 7.0. The yield of homogeneously purified WSCP-Chl complex was 30 mg/kg leaves. Fractions with A 663 /A 280 Ͼ 1.35 were used for crystallization. The protein concentration was quantified using bicinchonic acid (BCA; Sigma) and adjusted to 12 mg/ml using the Amicon Ultra-15 (Millipore, Billerica, MA). Crystals of WSCP-Chl complex were grown by means of vapor diffusion by mixing 2 l of a protein solution containing 0.1 M sodium/potassium phosphate, pH 6.0, with 2 l of a reservoir solution containing 5% sucrose, 3.2 M ammonium sulfate, and 0.1 M sodium/potassium phosphate, pH 6.0, at 20°C. Green rhombic crystals appeared 1 week later and grew to a maximum size of ϳ0.3 ϫ 0.3 ϫ 0.3 mm after 3 weeks (2). Two heavy-atom derivatives were prepared by soaking the crystals for 1 day in the same reservoir solution supplemented with 1.0 mM K 2 Pt(CN) 4 or 1.0 mM KAu(CN) 2 .
Diffraction Data Collection, Phasing, Model Building, and Refinement-X-ray data of native crystals were collected at the Photon Factory's (Tsukuba, Japan) beamline BL6A at a wavelength of 0.978 Å. The data sets of derivative crystals were collected with an in-house Rigaku R-AXIS IIc imaging plate system mounted on a Rigaku rotating anode generator at a wavelength of 1.54 Å. Crystals were mounted in a fiber loop and flash-frozen, without any additional cryoprotectant, in a cold nitrogen stream for x-ray data collection. All data were collected at 100 K. The HKL-2000 program package (17) was used for data reduction and analysis. The crystallographic statistics are listed in Table 1 . The WSCP-Chl complex crystallized in space group P2 1 2 1 2 1 with one tetramer per asymmetric unit (Matthews coefficient: 2.2 Å 3 /Da). The structure was solved with the multiple isomorphous replacement method using two derivative crystals and the programs MLPHARE in CCP4 (18) and SHARP (19) 
RESULTS
Characterization, Crystallization, and Structure Determination-The absorption spectrum of the purified complex with a peak wavelength of the red absorption band at 663 nm is identical to that previously reported for CP633 (14, 26) . The molecular weight of the WSCP monomer was 19,611 Da as measured by matrix-assisted laser desorption ionization time-of-flight mass spectrometry. Each monomer has the same amino acid sequence deduced from its cDNA (UniProtKB/TrEMBL entry O04797) with the deletion of 26 N-terminal and 17 C-terminal residues. The processing at both terminals of each chain produces the primary structure of the mature WSCP 180 residues. Similar processing of mature WSCPs from Brassicaceae has been reported previously (2, 5, 15) . The structure was determined at 2.0 Å resolution with the multiple isomorphous replacement method using platinum and gold derivatives ( Fig.  1a and Table 1) .
Overall Structure of the Homo-tetrameric WSCP-Chl Complex-The oligomeric state is a homotetramer structure, which is consistent with the gel filtration data (80 kDa) (14) . There are four Chl molecules at the center of the tetramer, each of which binds stoichiometrically to a monomer of WSCP. The resolved atomic model is of high quality around the Chl-binding region, but both the N-and C-terminals and some outer loops are disordered. The following residues of chain A (1, 163-168, 180), chain B (1-3, 139 -141, 180), and chains C, D (1, 2, 180) are disordered and their electron density is too weak for model building.
Each protein chain shows a typical ␤-trefoil fold comprised of twelve ␤-strands, of which strands 1, 4, 5, 8, 9, and 12 form a ␤-barrel that is covered by three two-stranded antiparallel ␤-sheets composed of the remaining six strands (Fig. 1b) . This protein folding is often found in Künitz-type serine protease inhibitors. For example, the Dali server identified the trypsin inhibitor from Delonix regia seeds (DrTI) (Protein Data Bank ID: 1R8N (27)), whose primary structure is 32% identical with that of WSCP, as being capable of superimposition on chain A of the WSCP tetramer with a root-mean-square C␣ deviation (r.m.s.d.) of 2.2 Å (Z-score: 21.1) (28) . Although the possibility of the physiological function of WSCP as a proteinase inhibitor has been discussed before, no significant inhibition has thus far been detected (4 -6). At the center of the tetramer, one hydrophobic cavity is formed by the residues 31-61, 86 -96, and 152-156 of each chain, in which the four Chl molecules are enclosed (Fig. 1c) . These residues of the four chains interlock to form the Chlbinding cavity and are superimposed on one another with an r.m.s.d. of 0.26 Å and an almost exact 222 symmetry, indicating that the four chains adopt the same conformation to bind the four Chl molecules. The internal volume of the Chl-binding cavity is 5300 A 3 , which is approximately equal to the excluded volume of the four clustered Chl molecules, indicating that the Chl molecules are tightly packed in the cavity and that there is no space in the cavity for bulk solvent (Fig. 1, c  and d) . However, one water molecule per Chl is present in the cavity (Fig. 2) . Each of the four water molecules forms two hydrogen bonds: one with the keto group at C-13 1 of the Chl plane with a mean distance of 2.72 Å and the other with the epsilon oxygen of the Gln-57 residue that originates from the other chain of the principal dimer, with a mean distance of 2.58 Å. The relatively short distances of these hydrogen bonds may be due to the tight packing of the cavity. The water molecules are inside the cavity and separated from the bulk solvent region by the Gln-57 residue of each chain.
Tetrameric Assembly of the WSCP-Chl Complex and Formation of the Chl-binding
The central Mg 2ϩ ion of each Chl molecule has a pentacoordinated structure with a single axial ligand provided by the backbone carbonyl of Pro36 (Fig. 2) . This coordination bond length is 2.1 Å, and the central Mg 2ϩ ion is displaced by a distance of 0.45 Å from the center of the Chl plane toward the axial ligand. This coordination bond is essential for WSCP binding of Chl, since removal of the central Mg 2ϩ ion leads to failure in the Chl binding (1) .
Two aromatic amino acid residues, Trp-90 and Trp-154, contact the Chl plane at C-7 (4.2 Å distance) and at C-18 (3.8 Å distance) (Figs. 2 and 3b) . They are within the range of van der Waals interactions, and consequently they may produce fluorescence quenching of excited Chl by means of electron exchange (29) .
Although the Chl cluster is almost completely enclosed within the cavity, there are four pores through which bulk solvent could flow into the cavity (Fig. 3a) . However, the Chl cluster occludes all four of these pores from the inside, so that influx of bulk solvent into the cavity is impossible. The bulk solvent accessible surface area of the Chl molecules is limited to the ester bond that links the Chl plane with the phytyl tail (Fig. 3b) . The average accessible surface area of the four Chl molecules is ϳ7 Å 2 , which is less than one percent of the molecular surface of a Chl molecule.
Geometry of Chl Molecules in the Chl-binding Cavity-The four Chl molecules in the cavity are related by the pseudo 222 symmetry, which comprises two Chl dimers, Chl-1/Chl-2 and Chl-3/Chl-4 (Figs. 1d and Fig. 4) . Although the phytyl tail of each Chl molecule disrupts the local 222 symmetry, each Chl plane almost completely follows the symmetry. The Chl dimer has an "open sandwich" structure, with the Chl planes inclined with respect to the pseudo 2-fold axis. The interplanar angle of the Chl dimer is ϳ27°. The face-to-face distances between the planes of the Chl dimer are 5.7 Å at the "closed" end (oxygen of the keto group at C-13 1 ), 9.0 Å at the center (pyrrole nitrogen at N-24), and 10.7 Å at the "open" end (carbon of the methyl group at C-2). The shortest distance between the bulky carboxymethyl groups of the Chl dimer is 3.6 Å. The strength of dipoledipole coupling V (cm
Ϫ1
) of the Chl dimer was calculated to be 96 cm Ϫ1 by using the equation V ϭ 90/R 3 , where the orientation factor ϭ 1.07 and the center distance r ϭ 1.0 nm were determined by the geometry of the Chl dimer, and the proportionality constant was set on the basis of two assumptions, namely, that the value of the refractive index of the immediate environment of chlorophyll is 1.55, and the Chl dimer comprises two Chl-a molecules (30) . The close proximity of the Chl planes and the estimated V value of almost 100 cm Ϫ1 indicate that the Chl dimer could be regarded as a supermolecule with delocalized electronic transitions, that is, an exciton-coupled dimer.
In the Chl dimer, the two Chl planes sandwich their own phytyl tails, which protrude at the open end (Figs. 1d and 4) . There are two Chl dimers in the Chl-binding cavity, with their open ends facing each other. Consequently, the four phytyl tails of the Chl molecules generate a hydrophobic interaction at the center of the cavity. Because it has been reported that the phytyl tail of Chl is essential for the oligomerization of the WSCP-Chl complex (1), the hydrophobic interaction among the phytyl tails can be assumed to be the main contributor to the tetrameric assembly of the WSCP-Chl complex.
The Chl-a/b Ratio in the WSCP-Chl Complex-A previous study has demonstrated that the WSCP tetramer isolated from L. virginicum has a Chl-a/b ratio of ϳ2 (14) . In our crystallographic study, this Chl-a/b ratio was examined by means of the electron density maps. Chl-b is identical to Chl-a except at the C-7 position, where a formyl group (Chl-b) replaces the methyl group (Chl-a). When Chl-b was assigned to the present structure of the WSCP-Chl complex, negative electron density ( Aweighted F o Ϫ F c map with a contour level of Ϫ3.0 ) appeared around the formyl oxygen, but it disappeared when the occupancy of the formyl oxygen was reduced to less than 0.33. In addition, the formyl oxygen was able to form a hydrogen bond with the nitrogen of Leu-91 at a distance of 3.0 Å and without steric hindrance. These results indicate that Chl-b may also bind to WSCP in a manner similar to that of Chl-a. However, because the A -weighted 2F o Ϫ F c omit map around the formyl oxygen was ambiguous, all four of the Chl molecules were reevaluated in the final refined model and were determined to be Chl-a molecules.
resides at the syn side. It has been reported that apo-WSCP can remove Chl from the thylakoid membrane in vitro, but the molecular mechanism is not yet understood. It is conceivable that the reason for this unusual Chl-binding mode is that apo-WSCP (Pro36) can form the coordination bond needed to remove Chl directly from the photosynthetic apparatuses by approaching from the syn side opposite the protein matrix of LHC-II resides.
We also found that the WSCP monomer stoichiometrically binds one Chl in the tetrameric WSCP-Chl complex. The hydrophobic Chl-binding cavity is formed among the interfaces of all four monomers at the center of the tetramer, where all four Chl molecules are tightly packed. At the same time, hydrophobic interaction among the four phytyl tails is generated in the cavity, which can be considered to be the driving force of WSCP tetramerization. In fact, no oligomerization occurs when the WSCP monomer binds chlorophyllide, which is a Chl derivative lacking the phytyl tail (1) .
Possible Mechanisms of Photoprotective Function-The Chlbinding cavity is not completely closed, since there are four pore-like vents in the cavity wall. However, solvent influx through these vents can be ruled out, because the Chl cluster occludes them from inside the cavity. The bulk solvent-accessible surface area of the Chl molecules is limited to the ester bond that links the Chl plane and the phytyl tail. It is generally believed that the generation of singlet oxygen occurs by direct contact, especially with the central Mg 2ϩ ion of Chl (35) . We therefore propose that the photoprotection mechanism of the WSCP-Chl complex would depend on the tetrameric assembly that encloses Chl molecules in a watertight cavity, since the enclosure reduces the chance of direct contact between the Chl molecules and molecular oxygen.
A question then arises as to how the light-induced excitation energy of Chl is dissipated in the hydrophobic cavity of WSCP. It has been reported that the Chl molecules in the WSCP complex emit fluorescence (3, 26) , indicating that the excitation energy of Chl is at least partly dissipated by the fluorescence emission. In addition, the structure solved herein suggests two other possibilities. One is that the excitation energy quenching may be caused by a sequence of electron exchanges between the Chl molecules and the nearby aromatic residues, Trp-90 and Trp-154. Such a quenching mechanism of a light-excited chromophore has been well demonstrated in riboflavin-binding proteins, in which electron exchange efficiently occurs with two nearby aromatic residues (Tyr-75 and Trp-156) that sandwich riboflavin in a hydrophobic cleft (36) . The possible involvement of aromatic residues in fluorescence quenching of bacteriochlorophyll and Chl molecules is also discussed in (29, 37, 38) .
The other possibility is that the close proximity of the two Chl molecules in the Chl dimer that is formed in the tetrameric WSCP-Chl complex may cause the fluorescence quenching, thereby leading to energy dissipation. It has been suggested that Chl dimers may have the potential to be a powerful quencher, since the one formed in Chl solution exhibits fluorescence quenching in vitro (39) . Although the mechanism remains to be clarified, it has been proposed that the fluorescence quenching leading to energy dissipation may be caused by energy transfer between Chl molecules. In the Chl-binding cavity of the WSCPChl complex, the two Chl molecules of the Chl dimer are related by the nearly exact 2-fold symmetry, where they form the open sandwiched structure at a distance of 10 Å between the centers of the Chl planes (Fig. 4) . The geometrically estimated dipole-dipole coupling strength of 96 cm Ϫ1 indicates that the two Chl molecules could be considered to constitute an exciton-coupling dimer, which allows for energy transfer between them. These results are in accordance with the findings of spectroscopic studies on circular dichroism (1) and magnetic circular dichroism (40) . It is therefore an intriguing hypothesis that energy transfer between the Chl molecules may contribute to the photoprotection of Chl molecules in WSCP.
